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1

CONTROL APPARATUS FOR ADJUSTING
THERMAL STRESS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to managing thermal stress
in multi-phase voltage source inverter circuits. In particular,
the present invention relates to reducing unbalanced stresses
in switches of multi-phase voltage source inverter circuits.

2. Discussion of the Related Art

In an electric or a hybnid-electric vehicle, an electric
motor drives the wheels. When the vehicle 1s stopped 1n an
up-hill position, the electric motor maintains the vehicle in
a stationary state (“hill-hold operation”) by providing a
torque at zero or near-zero output frequency. Typically, a
traction inverter drives the electric motor. FIG. 1 1s a
schematic diagram of three-phase voltage source inverter
100 driving electric motor 106; three-phase voltage source
inverter 100 may be used as a traction inverter.

As shown in FIG. 1, power module or stage 101 of
three-phase voltage source inverter 100 includes DC-link
capacitor 102—serving as a voltage source—and switches
103-1 to 103-6. Each of switches 103-1 to 103-6 may
include an 1nsulated-gate bipolar transistor (IGB'T), together
with a diode connected in an anti-polar fashion across the
IGBT’s collector and emitter. Alternatively, each of switches
103-1 to 103-6 may be implemented by other suitable
semiconductor devices, e.g., metal-oxide-semiconductor
ficld-efiect transistors (IMOSFETs). Terminal 104-1 (i.e., the
common node between switches 103-1 and 103-2), terminal
104-2 (i.e., the common node between switches 103-3 and
103-4), and terminal 104-3 (1.¢., the common node between
switches 103-5 and 103-6) provide output phase currents,
which are labeled herein, respectively, as phases A, B and C.
To facilitate the detailed description below, switches 103-1,
103-3 and 103-5 are referred to as the “upper switches™ and,
likewi1se, switches 103-2, 103-4 and 103-6 are referred to as
the “lower switches.”

During the hill-hold operation, the zero or near-zero
frequency phase output current (e.g., a DC current or a
low-frequency AC current) increases stress to three-phase
voltage source mverter 100. Typically, the period of each
phase output current 1s longer than the thermal time constant
of power module 101 of three-phase voltage source inverter
100. Some examples of modulation schemes that may be
used 1n three-phase voltage source inverter 100 to carry out
a hill-hold operation include space vector pulse-width
modulation (SVPWM) and discontinuous pulse-width
modulation (DPWM). In either of these modulation
schemes, switches 103-1 to 103-6 experience unbalanced
thermal stresses.

FIG. 2 1llustrates providing a positive output phase cur-
rent from terminal 104-1 (1.e., phase A) under an SVPWM
scheme. Under an SVPWM scheme, the upper and lower
switches of each phase are driven by complementary sig-
nals. Thus, as shown. in FIG. 2, the IGBT 1n switch 103-1
1s conducting, while the IGBT in switch 103-2 1s non-
conducting. The diode in switch 103-2 1s forward-biased
when the IGBT switch 103-2 1s non-conducting, such that
terminal 104-1 provides phase A’s output phase current that
flows mto electric motor 106. The positive phase current
sustain the zero-frequency or near-zero frequency torque 1n
the hill-hold operation. In this example, phase A’s output
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phase current 1s greater than either phase B’s or phase C’s
output phase current. FIG. 3 shows conductive periods 301,

302 and 303 of switches 103-1 103-3 and 103-5, respec-
tively, under an SVPWM scheme. When expressed as a
fraction of the total duration, each conductive period is
referred to as a “duty cycle.”

As shown 1n FIG. 3, the duty cycle of phase A (i.e., duty
cycle 301) 1s d, which 1s greater than the duty cycle of either
phase B or phase C (1.e., duty cycle 302 or duty cycle 303).
During a hill-hold operation, as illustrated in FIG. 2, the
energy loss attributable to the IGBT 1n a switch (e.g., switch
103-1) 1s the sum of 1ts conduction and switching losses:
Ve anr 1, d+Poyr 7057 Where V .o ;-5 18 the voltage
drop across the collector and emitter terminals of the IGBT,
I, 1s the phase current (e.g., 300 A), d 1s the duty cycle, and
Pey 757 18 the switching loss 1 the IGBT. As shown 1n
FIG. 2, in each phase, when the IGBT of one switch is not
conducting (e.g., lower switch 103-2), the positive current 1s
sustained by the diode of that switch. Therefore, the con-
duction and switching losses in that diode 1s given by:
Vi dgiode L (1=D)+Pgy,  where V. ;... 1s the voltage drop
across the diode of the switch during conduction and Py
1s 1ts switching loss. In this example, as the phase A switches
have a greater duty cycle than either the phase B switches or
the phase C switches, the phase A switches (1.e., switches
103-1 and 103-2) have a higher loss, hence a higher thermal
stress. Further, within each phase, as the currents through the
upper and lower switches are not necessarily the same,
unbalanced thermal stresses are also present in the switches
within each phase.

Even though DPWM schemes are substantively different
from SVPWM schemes, the unbalanced thermal stress con-
cerns 1n the SVPWM schemes are also present in the DPWM
schemes.

SUMMARY

According to one embodiment of the present invention, an
apparatus and a method 1 a multi-phase voltage source
inverter balance thermal stresses in the semiconductor
switching devices of the multi-phase voltage source inverter.
The apparatus includes (a) a monitor configured for moni-
toring temperatures of the semiconductor switching devices,
providing a temperature difference between two of the
switching devices; and (b) a controller for providing, based
on the temperature diflerence, a zero-sequence component
to be used for adjusting conduction times of each of the
semiconductor devices. In one embodiment, the temperature
difference corresponds to an upper switch and a lower switch
in one of the phases of the multi-phase voltage source
inverter, and one of two semiconductor switching devices of
the temperature diflerence has the highest temperature
among the semiconductor switching devices. The multi-
phase voltage source inverter may be a three-phase voltage
source inverter. The conduction times may be adjusted by
increasing or decreasing a duty cycle of each of the semi-
conductor switching devices. Each phase of the multi-phase
voltage source inverter may provide an output phase signal
that has a zero or near-zero frequency. The output phase
signal may include an output phase current whose magni-
tude 1s substantially unatfected by the zero-sequence com-
ponent.

According to one embodiment of the present invention,
the method for balancing thermal stresses in semiconductor
switching devices may include (a) momtoring temperatures
of the semiconductor switching devices to provide a tem-
perature difference between two of the switching devices;
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and (b) based on the temperature diflerence, providing a
zero-sequence component to be used for adjusting conduc-
tion times of each of the semiconductor devices.

The present invention 1s better understood upon consid-

cration of the detailed description below 1n conjunction with
the accompanying drawings.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 1s a schematic diagram of three-phase voltage
source inverter 100 driving electric motor 106; three-phase
voltage source inverter 100 may be used as a ftraction
inverter.

FIG. 2 illustrates providing a positive output phase cur-
rent from terminal 104-1 (1.e., phase A) under an SVPWM
scheme.

FI1G. 3 shows conductive periods (“duty cycles™) 301, 302
and 303 of switches 103-1, 103-3 and 103-5, respectively,
under an SVPWM scheme.

FIG. 4 1s a block diagram of control circuit 400 that
enables a method that actively balances thermal stresses 1n
the switches of a multi-phase voltage source mverter, based
on a temperature difference between the upper and lower
switches 1n the phase that provides the highest phase current,
according to one embodiment of the present invention.

FIG. 5 illustrate adjusting duty cycles d ,, d, and d - (1.e.,
duty cycle signals 301, 302 and 303 of FIG. 3) by zero-
sequence component Ad to provide adjusted duty cycles
d ,+Ad, dz+Ad and d ~+Ad 1n duty cycle signals 501, 502 and
503, respectively.

FIGS. 6(a), 6(b) and 6(c) illustrate an electric motor’s
hill-hold operation 1n which a 0 Hz torque is enabled by a
three-phase voltage source inverter, according to one
embodiment of the present invention.

FIGS. 7(a) and 7(b) illustrate a hold-hill operation at an
output frequency of 0.1 Hz, enabled by a three-phase voltage
source 1nverter, according to one embodiment of the present
invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1l

According to one embodiment of the present invention, 1n
a multi-phase voltage source inverter operating at a near-
zero output frequency, a control circuit implements a method
(“the present control scheme™) that actively balances ther-
mal stresses 1n the switches of the multi-phase voltage
source mverter, based on a temperature difference between
the upper and lower switches 1n the phase that supplies the
highest output phase current. FIG. 4 1s a block diagram of
control circuit 400 that enables such a method 1n a three-
phase voltage source inverter (e.g., three-phase voltage
source mverter 100 of FIG. 1). In the three-phase voltage
source inverter, control circuit 400 provides a zero-sequence
adjustment to each of the duty cycle signals that drive the
switches of the three-phase voltage source inverter. The
zero-sequence adjustment 1s made at adder 404 to each duty
cycle signal—i.e., each of duty cycles d,, d; and d_, for
phases A, B and C, respectively. In FIG. 4, the pre-adjusted
duty cycle signals are provided, for example, by conven-
tional motor control circuit 405.

As shown 1n FIG. 4, control circuit 400 receives from
temperature sensors temperature signals 407, each indicat-
ing a temperature at one of the six switches of the three-
phase voltage source inverter. Alternatively, temperature
signals 407 may be generated from temperature estimates.
Temperature signals 407 are received nto temperature
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monitoring and phase selection circuit 401, which monitors
temperature signals 407 and selects therefrom the phase that
corresponds to the switch that has the highest temperature.
The temperature diflerence between the upper switch and
the lower switch of that phase 1s provided to controller 403,
which may be any suitable proportional (P) or proportional-
integral (PI) controller. Controller 403 provides zero-se-
quence component Ad that 1s added to each of duty cycles
d,, d; and d_, as illustrated 1n FIG. 5.

FIG. 5 1llustrate adjusting duty cycles d ,, d; and d- (1.e.,
duty cycle signals 301, 302 and 303 of FIG. 3) by zero-
sequence component Ad to provide adjusted duty cycles
d .+Ad, d,+Ad and d +Ad 1n duty cycle signals 501, 502 and
503, respectively. As shown 1n FIG. 5, zero-sequence com-
ponent Ad may be positive or negative, corresponding to a
resulting increase or decrease of the duty cycle. In this
manner, the conduction times of the upper and the lower
switches in each phase are adjusted to balance their respec-
tive thermal stress. As one of ordinary skill in the art knows,
adjusting each phase with a zero-sequence component main-
tains its output phase current.

FIGS. 6(a), 6(b) and 6(c) illustrate an electric motor’s
hill-hold operation 1n which a 0 Hz torque 1s enabled by a
three-phase voltage source inverter, according to one
embodiment of the present invention. FIG. 6(a) shows the
duty cycles of the upper switches of phases A, B and C 1n
a three-phase voltage source inverter; wavetorm 601 repre-
sents the duty cycle of the upper switch in phase A and
wavetorm 602 represents both the duty cycles of the upper
switches 1n phases B and C. FIG. 6(b) shows temperatures
611 and 612 of the upper and the lower switches, respec-
tively, over the same time period. FIG. 6(c) shows phase A
output current, also over the same time period.

As shown 1n FIGS. 6(a), 6(b) and 6(c), initially, at time to,
phase A has a 0.55 duty cycle, with a peak phase A output
current of 300 A, and phases B and C each have a 0.45 duty
cycle. Because of 1ts duty cycle and because phase A’s
output phase current 1s positive, more current tlows through
the upper switch’s IGBT, causing greater thermal stress to
the phase A upper switch, relative to other switches in the
three-phase voltage source inverter. Thus, FIG. 6(b) shows
that temperature 611 (i1.e., the temperature of phase A’s
upper switch) 1s 30° C. hlgher than temperature 612 (1.e., the
temperature of phase A’s lower switch). Then, at tlme t,,
approximately 1.2 seconds from time to, the present control
scheme decreases the duty cycles of the upper switches 1n all
three phases by an equal amount. With a lesser current
through the IGBT of phase A’s upper switch, the tempera-
tures between phase A’s upper switch and phase A’s lower
switch converge. At time t,, the present control scheme 1s
disabled, such that the temperature difference between phase
A’s upper and lower switches widens, becoming 30° C.
again over time. The present control scheme becomes active
again at time t,. During the timer period that the present
control scheme 1s enabled (1.e., between times t; and t,),
phase A’s output phase current does not change, as expected
and desired.

FIGS. 7(a) and 7(b) illustrate a hold-hill operation at an
output frequency of 0.1 Hz, enabled by a three-phase voltage
source mverter, according to one embodiment of the present
invention. In this example, as shown i FIG. 7(b), phase A’s
peak output phase current 1s also at 300 A, just as 1n the
example of FIGS. 6(a), 6(b) and 6(c). Because the output
phase current has a period of 10 seconds, which is longer
than the thermal time constant of the power module, FIG.
7(a) shows that the temperatures of all six switches of the
three-phase voltage source inverter reach their respective
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peak values in regular succession. For each phase, as the
temperature of the upper switch reaches 1ts peak, the tem-
perature of the lower switch reaches 1ts peak value, which 1s
about 30° C. lower than the temperature of its corresponding
upper switch. As shown i FIG. 7(a), at time t,, the present
control scheme 1s enabled, resulting 1n a narrowing of the
difference 1n peak temperatures between the upper and the
lower switches. The stresses on the upper and the lower
switches thus become more balanced. As shown in FIG.
7(b), during the active period of the present control scheme,
phase A’s output phase current does not change.

As compared to conventional SVPWM and DPWM
schemes, the present control scheme actively balances the
thermal stresses among the upper and lower devices of the
different phases. The resulting reduced device thermal stress
extends the lifetimes of the switches 1n a multi-phase voltage
source inverter. The present control scheme provides an
increase output torque in hill-hold operations.

The above detailed description i1s provided to illustrate
specific embodiments of the present mvention and 1s not
intended to be limiting. Numerous modifications and varia-
tions within the scope of the present invention are possible.
The present mmvention 1s set forth i the accompanying
claims.

We claim:

1. In a multi-phase voltage source inverter, an apparatus
for balancing thermal stresses 1 semiconductor switching
devices, comprising:

a monitor for monitoring temperatures of the semicon-
ductor switching devices, the monitor selecting one of
the phases and prowdmg a temperature difference
between two of the switching devices 1n the selected
phase, the selected phase being associated with the
highest temperature among the semiconductor devices
monitored; and

a controller providing, based on the temperature differ-
ence, a zero-sequence component to be used for adjust-
ing conduction times of each of the semiconductor
devices.

2. The apparatus of claim 1, wherein the temperature
difference corresponds to an upper switch and a lower switch
in the selected phase.

3. The apparatus of claim 1, wherein one of two semi-
conductor switching devices of the temperature diflerence
has the highest temperature among the semiconductor
switching devices monitored.
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4. The apparatus of claim 1, wherein the multi-phase
voltage source inverter comprises a three-phase voltage
source inverter.

5. The apparatus of claim 1, wherein the conduction times
are adjusted by increasing or decreasing a duty cycle of each
of the semiconductor switching devices.

6. The apparatus of claim 1, wherein each phase of the
multi-phase voltage source mverter provides an output phase
signal that has a zero or near-zero frequency.

7. The apparatus of claim 6, wherein the output phase
signal comprises an output phase current whose magnitude
1s substantially unaflected by the zero-sequence component.

8. In a multi-phase voltage source inverter, a method for
balancing thermal stresses 1n semiconductor switching
devices, comprising:

monitoring temperatures of the semiconductor switching

devices to select one of the phases, so as to provide a
temperature difference between two of the switching
devices 1n the selected phase, the selected phase being
associated with the highest temperature among the
semiconductor devices monitored; and

based on the temperature difference, providing a zero-

sequence component to be used for adjusting conduc-
tion times of each of the semiconductor devices.

9. The method of claim 8, wherein the temperature
difference corresponds to an upper switch and a lower switch
in the selected phase.

10. The method of claim 8, wherein one of two semicon-
ductor switching devices of the temperature diflerence has
the highest temperature among the semiconductor switching
devices monitored.

11. The method of claim 8, wherein the multi-phase
voltage source inverter comprises a three-phase voltage
source inverter.

12. The method of claim 8, wherein the conduction times
are adjusted by increasing or decreasing a duty cycle of each
of the semiconductor switching devices.

13. The method of claim 8, wherein each phase of the
multi-phase voltage source inverter provides an output phase
signal that has a zero or near-zero frequency.

14. The method of claim 13, wherein the output phase
signal comprises an output phase current whose magnitude
1s substantially unafliected by the zero-sequence component.

¥ o # ¥ ¥



	Front Page
	Drawings
	Specification
	Claims

